Vanhatalo A, Poole DC, DiMenna FJ, Bailey SJ, Jones AM. Muscle fiber recruitment and the slow component of O 2 uptake: constant work rate vs. all-out sprint exercise. Am J Physiol Regul Integr Comp Physiol 300: R700 -R707, 2011. First published December 15, 2010; doi:10.1152/ajpregu.00761.2010.-The slow component of pulmonary O 2 uptake (V O2) during constant work rate (CWR) high-intensity exercise has been attributed to the progressive recruitment of (type II) muscle fibers. We tested the following hypotheses: 1) the V O2 slow component gain would be greater in a 3-min all-out cycle test than in a work-matched CWR test, and 2) the all-out test would be associated with a progressive decline, and the CWR test with a progressive increase, in muscle activation, as estimated from the electromyogram (EMG) of the vastus lateralis muscle. Eight men (aged 21-39 yr) completed a ramp incremental test, a 3-min all-out test, and a work-and time-matched CWR test to exhaustion. The maximum V O2 attained in an initial ramp incremental test (3.97 Ϯ 0.83 l/min) was reached in both experimental tests (3.99 Ϯ 0.84 and 4.03 Ϯ 0.76 l/min for all-out and CWR, respectively). The V O2 slow component was greater (P Ͻ 0.05) in the all-out test (1.21 Ϯ 0.31 l/min, 4.2 Ϯ 2.2 ml·min Ϫ1 ·W Ϫ1 ) than in the CWR test (0.59 Ϯ 0.22 l/min, 1.70 Ϯ 0.5 ml·min Ϫ1 ·W Ϫ1 ). The integrated EMG declined by 26% (P Ͻ 0.001) during the all-out test and increased by 60% (P Ͻ 0.05) during the CWR test from the first 30 s to the last 30 s of exercise. The considerable reduction in muscle efficiency in the all-out test in the face of a progressively falling integrated EMG indicates that progressive fiber recruitment is not requisite for development of the V O2 slow component during voluntary exercise in humans.
BELOW THE GAS EXCHANGE THRESHOLD (GET), pulmonary O 2 uptake (V O 2 ) is linearly related to work rate (WR), with a functional "gain" (⌬V O 2 /⌬WR) of ϳ10 ml·min Ϫ1 ·W Ϫ1 (30, 67) . This linearity is lost above the GET (in the heavy-intensity exercise domain) and particularly above the critical power (CP; in the severe-intensity exercise domain), where the V O 2 continues to increase with slow kinetics beyond the rapid fundamental phase (42, 44, 66, 70) . Specifically, after the onset of severe-intensity constant WR (CWR) exercise, V O 2 may continue to rise as a function of time, with the slow kinetics ultimately driving V O 2 to its maximum (V O 2max ) and heralding imminent fatigue (25, 43, 44, 50, 70) . Crucially, the V O 2 slow component elevates V O 2 above, rather than toward, the "steady-state" value predicted from the sub-GET V O 2 -WR relationship (37, 44, 48) . The development of the V O 2 slow component, therefore, signifies a progressive loss of muscle efficiency as high-intensity exercise proceeds (43, 49) .
Investigation of the mechanistic bases of the V O 2 slow component has been confounded, in part, by the physiological and metabolic non-steady-state conditions that are extant during high-intensity exercise. For example, ventilation, heart rate, body and muscle temperature, arterial catecholamine concentration, arterial lactate concentration ([lactate]), and muscle fiber recruitment may be changing simultaneously (7, 9, 10, 19, 23, (42) (43) (44) 55) . The demonstration that active skeletal muscle is the predominant site of the V O 2 slow component (40, 43) has truncated this list of candidate mechanisms to those within muscle (42) . Subsequently, evidence has been garnered to suggest that changes in muscle temperature (9, 32, 43) , arterial [lactate] (41) , and arterial catecholamine concentration (20) do not contribute appreciably to the V O 2 slow component. In contrast, electromyogram (EMG) (7, 10, 18, 42, 55; cf. 13, 21) and magnetic resonance imaging interrogation (19, 52, 53) , as well as glycogen depletion (34) and selective slow-twitch fiber neural blockade (33) experiments, have supported involvement of muscle fiber activation patterns in the development of the V O 2 slow component. Consistent with this notion, human (14, 33, 34, 46) and rodent (2, 15, 22, 63; cf. 24) studies indicate that higher-order (type II) muscle fibers may, depending on contraction characteristics, have a higher O 2 cost per unit tension development or WR. There is also evidence that the V O 2 slow component is more pronounced in subjects with a greater type II fiber proportion in the vastus lateralis muscle (3, 45) . In addition, the V O 2 slow component amplitude is greater at faster than at slower pedal rates in cycling (17, 46) , and it is widely accepted that type II fiber activation is increased when a given power output is generated at a greater contraction frequency (5, 24) .
Despite the compelling weight of evidence for some aspect of fiber recruitment influencing the development of the V O 2 slow component, the literature is equivocal as to whether the "extra" V O 2 obligates recruitment of more higher-order (i.e., type II) fibers (7, 10, 19, 52, 53, 55) or, alternatively, whether it may reflect increased metabolic demands within already recruited fibers (38, 54, 58) . In support of the latter proposition, Zoladz and colleagues (72) reported an increased O 2 cost of tension development with time during fatiguing, electrically stimulated contractions in canine muscle, despite maximal motor unit recruitment from the onset of contractions in this model. Whether this is true for human muscles contracting physiologically at their peak power is not known, and resolution of this issue is central to clarifying the mechanistic bases for the V O 2 slow component. (28, 70) , the profound increase in the O 2 cost of power production during all-out cycling may be considered a "slow-component"-like phenomenon. Adoption of a WR forcing function, which is expected to require the "maximal" activation of muscle fibers from exercise onset (i.e., 3-min all-out test), may provide the greatest opportunity to discriminate among the putative fiber recruitment mechanisms underpinning the V O 2 slow component phenomenon. Specifically, the 3-min all-out test provides a unique opportunity to create a substantial V O 2 slow component effect (defined as increasing V O 2 gain) concomitant with decreased muscle power and, likely, significant fiber derecruitment, as inferred from the integrated EMG (iEMG) signal. In this high signal-to-noise situation, we tested the following hypotheses: 1) a greater V O 2 slow component gain would be manifested during a 3-min all-out cycle test relative to a work-matched bout of CWR severe-intensity exercise, and 2) increased muscle fiber recruitment is not requisite for development of a V O 2 slow component during maximal voluntary "all-out" cycle exercise. If substantiated, these findings would provide strong mechanistic evidence that, within human muscles, the V O 2 slow component can arise from within already recruited fibers in which the energetic cost of force production has risen considerably.
METHODS

Subjects.
Eight habitually active men (mean Ϯ SD: 29 Ϯ 9 yr old, 1.81 Ϯ 0.05 m stature, 77.0 Ϯ 9.4 kg body mass) volunteered to participate in this investigation. Prior to testing, subjects were informed of the protocol and possible risks involved and provided written consent to participate. All procedures were approved by the local Research Ethics Committee and were conducted in accordance with the Declaration of Helsinki. Subjects were instructed to be adequately hydrated and not to have consumed alcohol for 24 h and food or caffeine for 3 h before each test.
Experimental overview. The experimentation required four visits to the laboratory, and tests were separated by Ն24 h of rest. The tests included a ramp incremental test for the assessment of V O2max and the GET, a 3-min all-out familiarization trial, a 3-min all-out test, and a severe-intensity trial at a CWR that was estimated to result in exhaustion in 3 min.
Exercise tests. All exercise testing was conducted using an electrically braked cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands). The ergometer seat and handlebars were adjusted for comfort, and settings were recorded and replicated for subsequent tests. The ramp incremental protocol for the assessment of V O2max and the GET consisted of 3 min of unloaded baseline pedaling followed by a ramp increase in power output of 30 W/min until volitional exhaustion. Subjects were instructed to maintain their preferred cadence [80 rpm (n ϭ 7) and 70 rpm (n ϭ 1)] for as long as possible. The test was terminated when the pedal rate fell Ͼ10 rpm below the chosen cadence for Ͼ5 s, despite strong verbal encouragement.
Subjects completed two 3-min all-out tests on separate days, the first of which was a familiarization trial and not included in the data analyses. The test began with 3 min of unloaded baseline pedaling followed by a 3-min all-out effort. Subjects were asked to accelerate to 110 -120 rpm over the last 5 s of the baseline period (59 -61) . The resistance on the pedals during the 3-min all-out effort was set using the linear mode of the ergometer, such that the subject would attain the power output associated with the GET plus 50% of the interval between GET and V O2max (50%⌬) on reaching their preferred cadence (linear factor ϭ power/preferred cadence 2 ). Strong verbal encouragement was provided throughout the test, but, to prevent pacing, subjects were not informed of the elapsed time. To ensure an all-out effort, subjects were instructed to attain their peak power output as quickly as possible from the start of the test and to maintain the cadence as high as possible at all times throughout the 3 min.
Subjects also completed one CWR test where the WR was estimated to result in exhaustion in 3 min based on the performance in the 3-min all-out test. The test began with 3 min of unloaded baseline pedaling; then the WR abruptly increased to the fixed power output. Subjects were instructed to maintain their preferred cadence for as long as possible during the test. A test was terminated when cadence fell Ͼ10 rpm below preferred cadence for Ͼ5 s. Strong verbal encouragement was provided throughout the test, and time to exhaustion was recorded to the nearest second. Subjects were not informed of the WR, the expected time to exhaustion, or their performance in any of the tests until the entire study had been completed.
Measurements. Pulmonary gas exchange was measured breath-bybreath during all exercise tests, with subjects wearing a nose clip and breathing through a low-dead space, low-resistance mouthpiece-andimpeller turbine assembly (Triple V, Jaeger, Hoechberg, Germany). The inspired and expired gas volume and gas concentration signals were sampled continuously at 100 Hz, the latter using paramagnetic (O 2) and infrared (CO2) analyzers (Oxycon Pro, Jaeger) via a capillary line connected to the mouthpiece. These analyzers were calibrated before each test with gases of known concentration, and the turbine volume transducer was calibrated using a 3-liter syringe (Hans Rudolph). The volume and concentration signals were time-aligned by accounting for the delay in capillary gas transit and analyzer rise time relative to the volume signal. V O2, CO2 output (V CO2), and minute ventilation (V E) were calculated using standard formulas (4) and displayed breath-by-breath.
Fingertip blood samples (ϳ25 l) were collected into capillary tubes at rest and immediately after the completion of the all-out and CWR tests and analyzed promptly for blood [lactate] using an automated lactate analyzer (Stat 2300, Yellow Springs Instrument, Yellow Springs, OH), which was calibrated hourly using the manufacturer's standard (model 2747, Yellow Springs Instrument).
Neuromuscular activity of the vastus lateralis muscle of the left leg was measured during the 3-min all-out test and CWR test using bipolar surface EMG. The leg was initially shaved and cleaned with alcohol around the belly of the muscle, and graphite snap electrodes (Unilect 40713, Unomedical, Stonehouse, UK) were adhered to the prepared area in a bipolar arrangement (interelectrode distance ϭ 40 mm). A ground electrode was positioned on the rectus femoris muscle equidistant from the active electrodes. The sites of electrode placement (20 cm superior to the lateral tibial head) were chosen according to the recommendations provided in the EMG software (Mega Electronics, Kuopio, Finland). To secure electrodes and wires in place and to minimize movement during cycling, an elastic bandage was wrapped around the subject's leg. Pen marks were made around the electrodes to enable reproduction of the placement in subsequent tests. The EMG signal was recorded using a muscle tester (ME3000PB, Mega Electronics). EMG measurements at a sampling frequency of 1,000 Hz were recorded throughout both exercise tests. The bipolar signal was amplified (amplifier input impedance Ͼ1 M⍀), and data were collected online in raw form and stored on a personal computer using MegaWin software (Mega Electronics). The raw EMG data were filtered digitally using a custom-designed filter developed through Labview 8.2 (National Instruments, Newbury, UK). Initially, the signals were filtered with a 20-Hz high-pass, second-order But-terworth filter to remove contamination from movement artifacts. The signal was then rectified and low-pass filtered at a frequency of 50 Hz to produce a linear envelope. The average iEMG was calculated for 5-s intervals throughout the 3-min all-out and CWR tests and the preceding baseline, with these values normalized to the average measured during 10 -180 s of unloaded cycling before the exercise transition. Therefore, all iEMG data are presented as a percentage of the unloaded baseline cycling phase.
Data analyses. The V O2max was determined as the highest 10-s mean value recorded during the ramp incremental test. The GET was established from the gas exchange data averaged in 10-s time bins using the following criteria: 1) the first disproportionate increase in V CO2 from visual inspection of individual plots of V CO2 vs. V O2, 2) an increase in V E/V O2 with no increase in V E/V CO2, and 3) the first increase in end-tidal PO2 with no fall in end-tidal PCO2. The data from the initial ramp test were used to calculate the 50% ⌬WR (i.e., the WR at GET plus 50% of the interval between the GET and V O2max), with the lag in V O2 during incremental exercise taken into account by deduction of two-thirds of the ramp rate from the WR at GET (65) .
The CP was estimated as the mean power output recorded over the final 30 s of the 3-min all-out test, and the W= (i.e., the finite work capacity ϾCP) was calculated as the power-time integral above CP (59 -61). These parameters were used to predict the power output (P) that could be sustained for 3 min (180 s) in a CWR test using the linear transformation of the power-duration relationship
The maximum V O2 values during the 3-min all-out and CWR tests were determined as the highest 10-s mean values. The "time to attain V O2max" in the all-out test was determined as the time required for the 5-s rolling-averaged V O2 to rise to a value that was within 1 SD of the V O2max (using the criterion established in the ramp incremental test). The V O2 slow component gain in the 3-min all-out test was calculated as the difference between the end-exercise gain [i.e., (end-exercise V O2 Ϫ baseline V O2)/⌬power output] and the gain at the time to attain V O2max. In addition, the V O2 associated with the CP was estimated using linear regression applied to the V O2-WR relationship established in the ramp incremental test. The absolute V O2 slow component in the all-out test (l/min) was then estimated as the difference between the end-exercise V O2 and the V O2 at the CP. The breath-by-breath V O2 data from the CWR test were averaged into 5-s bins, and the first four bins (i.e., 20 s of data after exercise onset) were deleted to eliminate "phase I" data from the model fit (66) . A nonlinear least-squares algorithm was used to fit the data, as described in the following equation
where V O2(t) represents the absolute V O2 at a given time t; V O2baseline represents the mean V O 2 in the final 60 s of the baseline period, and Ap, TDp, and p represent the amplitude, time delay, and time constant, respectively, describing the phase II increase in V O2 above baseline. An iterative process was used to minimize the sum of the squared errors between the fitted function and the observed values, and the fitting window was constrained to the time point at which a departure from fundamental monoexponentiality occurred (as judged from visual inspection of a plot of the residuals of the fit). The end-exercise V O2 was defined as the mean V O2 measured over the final 10 s of exercise, and the V O2 slow component was calculated as the difference between the asymptotic amplitude of the V O2 fundamental component and the end-exercise V O2. In addition, the gain of the fundamental V O2 response (Gp) was computed by dividing Ap by ⌬WR; the gain of the V O2 slow component and the entire response (i.e., end-exercise gain) was calculated in a similar manner.
Statistical analyses. Differences between the 3-min test and the CWR test were assessed using Student's paired-samples t-tests. Oneway ANOVA with repeated measures was used to test for differences in the V O2max between the ramp test, the all-out test, and the CWR test. Relationships between variables were assessed using Pearson's product-moment correlation coefficients. Statistical significance was accepted at P Ͻ 0.05, and data are presented as means Ϯ SD unless stated otherwise.
RESULTS
The V O 2max measured in the ramp incremental test was 3.97 Ϯ 0.83 l/min, with the GET occurring at 1.87 Ϯ 0.60 l/min. These values corresponded to WR of 381 Ϯ 66 and 116 Ϯ 35 W, respectively.
The mean power output over the final 30 s of the 3-min all-out test (CP) was 245 Ϯ 64 W (at 81 Ϯ 9 rpm), which represented 49 Ϯ 15%⌬. The W=, calculated as the total work done ϾCP, was 18.9 Ϯ 5.8 kJ. The group mean power profile in the 3-min test is shown in Fig. 1A . The peak power output in the 3-min test, which was attained within 5-10 s of the start of the test, was 824 Ϯ 171 W (at 149 Ϯ 16 rpm), representing 220 Ϯ 27% of the maximum power attained in the ramp incremental test. Blood [lactate] at the end of exercise was 9.3 Ϯ 2.1 mM, and the total work done over 3 min was 62.9 Ϯ 12.3 kJ. The WR for the CWR test was 349 Ϯ 68 W (88 Ϯ 7%⌬), and the T lim was 177 Ϯ 29 s. Therefore, the work done ϾCP in the CWR test (18.9 Ϯ 7.8 kJ) was not different from the W= (P Ͼ 0.05), and the total work done in the CWR test (61.0 Ϯ 11.7 kJ) was not different from the total work done in the all-out test (P Ͼ 0.05). The end-exercise blood [lactate] (8.7 Ϯ 1.4 mM) was not different from that measured in the all-out test (P Ͼ 0.05).
The V O 2max values measured during the 3-min all-out and CWR tests were not different from the ramp test-determined V O 2max (F 2,7 ϭ 0.10, P Ͼ 0.05; Fig. 1B , Table 1 ). The group mean gain of the V O 2 response in the all-out and CWR tests is shown in Fig. 2 . The overall end-exercise gain was greater in the all-out test than in the CWR test (P Ͻ 0.05; Table 1 The temporal profiles of the normalized iEMG responses during the 3-min all-out and CWR tests are shown in Fig. 3A . The peak iEMG during the 3-min all-out test was recorded immediately following exercise onset, with a progressive reduction throughout the test. The iEMG was reduced from 1,320 Ϯ 630% over the initial 30 s to 972 Ϯ 640% over the final 30 s of the test (i.e., a fall of 26%, P Ͻ 0.001). In contrast, during the CWR test, the iEMG increased throughout the exercise bout, with the peak value measured at the limit of tolerance. The iEMG increased from the mean of 646 Ϯ 308% over the initial 30 s to 1,035 Ϯ 713% over the final 30 s of the test (i.e., an increase of 60%, P Ͻ 0.05). The mean iEMG over the initial 30 s of exercise was greater in the all-out test than in the CWR test (P Ͻ 0.05). The iEMG normalized to WR (iEMG/WR) increased rapidly in the all-out test from 2.3 Ϯ 1.4%/W over the first 30 s to 4.4 Ϯ 2.9%/W over the final 30 s (P Ͻ 0.05; Fig. 3B ). When the averaged 30-s time bins of iEMG/WR data in the all-out test were compared, the first two time bins (1-30 s and 31-60 s) differed significantly, with no further increase beyond 90 s (P Ͼ 0.05 for all pair-wise comparisons; F 7,5 ϭ 25.9, P Ͻ 0.001). In marked contrast, during the CWR test, the iEMG/WR increased gradually from Fig. 3B ).
DISCUSSION
The principal original finding of this investigation was that a considerable "V O 2 slow component" (ϳ1.2 l/min) developed during 3 min of all-out cycle exercise in the face of a progressive decline in power output and muscle activation. The magnitude of the V O 2 slow component measured in this situation was significantly greater than that measured during workmatched CWR exercise of the same duration. These data are consistent with the notion that progressive fiber recruitment is not requisite for development of the V O 2 slow component during maximal voluntary exercise in humans. Rather, the results suggest that the V O 2 slow component can be generated by the high O 2 cost of fatigued muscle fibers, which either no longer significantly contribute to externally measured power output or do so at a far greater O 2 cost per unit of external work done.
The 3-min all-out cycling test, where the peak power output at the start of the test reached Ͼ200% of the peak WR measured during the ramp incremental exercise test, would be expected to require the recruitment of essentially all available (task-specific) motor units (36, 51) . In contrast, the muscle activation pattern would be expected to be "reversed" in the CWR test (6, 10) . Specifically, muscle activation (as reflected by iEMG) declined progressively throughout the all-out test, consistent with the profile reported previously during all-out isometric contractions (8) , whereas it increased throughout the CWR test, which may be indicative of a progressive recruitment of new fibers (Fig. 3) . The maximum iEMG signal at the onset of the all-out test was more than twofold greater than that recorded at the start of the CWR test, and, overall, the lower iEMG over the first ϳ2 min in the CWR test is consistent with the notion that muscle fiber activation (i.e., motor unit recruitment and/or rate coding) was markedly less than that in the same time period during the all-out test. This difference in iEMG (and inferred differences in motor unit recruitment profiles) between the work-and time-matched high-intensity exercise tests provided a unique opportunity to test the hypothesis that progressive fiber recruitment [specifically, the delayed recruitment of type II fibers positioned higher in the recruitment hierarchy (3, 39, 64) ] is responsible for the development of the V O 2 slow component.
A significant positive correlation between the V O 2 slow components measured in the all-out test and the CWR test implies that some of the physiological mechanisms that underpin the development of the V O 2 slow component-like phenomenon observed during the all-out test may be involved in the conventional V O 2 slow component. It is clear that, in both conditions, the V O 2 slow component represents a progressive loss of muscle efficiency, reflected either in a progressive increase in V O 2 with time at the same external WR (CWR test) or in V O 2max being maintained while the external WR falls (all-out test). The available evidence indicates that this loss of efficiency (i.e., increased O 2 cost per unit of external WR as high-intensity exercise proceeds and fatigue develops) is related to a higher phosphate cost of force generation as opposed to a greater O 2 cost of oxidative ATP production (49, 57).
The progressive increase in the iEMG signal in the CWR test supports the interpretation that the development of the V O 2 slow component in this situation may, at least in part, be attributed to the activation of fibers that were not initially recruited at the onset of exercise (10, 35) . Indeed, Krustrup et al. (35) demonstrated that, during intense CWR exercise (80% V O 2max ), type I and II fibers are progressively recruited as exercise proceeds. It has been implied that the delayed recruitment of type II fibers, which have been considered to have poor efficiency compared with type I fibers (14, 15, 22, 63) , is a prime factor in the delayed-onset development of the V O 2 slow component during high-intensity exercise (3, 39, 64) . However, the considerably greater V O 2 slow component gain measured in the all-out test, where progressive fiber recruitment did not occur, suggests that other factors may also make a major contribution. These putative factors include the slow V O 2 kinetics of initially recruited type II fibers, reduced contractile efficiency of active fibers, and the metabolic cost of recovery processes in fatigued fibers (30, 46, 54, 69, 72) .
It is likely that the vast majority of available motor units would be recruited at the onset of all-out exercise (36, 51) . Given the fast pedal rate at the start of the 3-min all-out test (ϳ150 rpm), type II fibers would be expected to preferentially contribute to power production (5). Thereafter, these fibers (along with some type I fibers) would become progressively fatigued, such that, later in the exercise bout, the power output may be predominantly produced by type I fibers (36, 51; see also 60). Given the presumed slower V O 2 kinetics and poorer efficiency of type II than type I fibers (2, 15, 22, 63) , it is possible that the O 2 cost of the initially recruited type II fibers may only become fully manifest during the later stages of high-intensity exercise (69) . Alternatively, the larger V O 2 slow component during all-out exercise than during CWR exercise might be related to a greater depletion of substrates (e.g., muscle phosphocreatine) or accumulation of metabolites (e.g., H ϩ , inorganic phosphate, ADP, and reactive oxygen species) that have been linked to the fatigue process during all-out exercise (8) . These changes in the metabolic milieu have been suggested to reduce contractile efficiency in active fibers (1, 2, 71; see Ref. 72 for discussion). Therefore, it is possible that greater intramyocyte metabolic perturbation during all-out exercise resulted in a greater loss of contractile efficiency. It has also been suggested (30, 46) that those fatigued fibers that do not contribute to force production may continue to consume O 2 for recovery processes, including the restoration of the action potential capability (Na ϩ /K ϩ pump) and the ionic balance across the sarcoplasmic reticulum (sarcoplasmic reticulum Ca 2ϩ pump) (2) . In an elegant recent study, Hepple et al. (26) demonstrated an increased O 2 cost of tension development when fatigue became severe in slow-fatiguing, but not fastfatiguing, Xenopus single muscle fibers. The continued O 2 consumption in fatigued slow-fatiguing, but not fast-fatiguing, fibers might be linked to differences in H ϩ accumulation or the ATP cost of Ca 2ϩ pumping (26) . If these findings can be applied to the present study, this might translate into persistent oxidative metabolism in type I fibers as they fatigue during the all-out test. While we cannot distinguish between these putative mechanisms in the present study, and it is possible that they all contributed to the larger V O 2 slow component during all-out exercise to some extent, it is clear that a substantial V O 2 slow component-like phenomenon can be elicited in the absence of progressive muscle fiber recruitment.
The V O 2 reached a plateau at V O 2max following ϳ72 s during the all-out test, despite the power output falling considerably below that associated with the attainment of V O 2max during incremental exercise. The present findings are consistent with recent descriptions of a V O 2 slow component-like phenomenon in electrically stimulated canine gastrocnemius muscle contracting in situ (27, 72) . In this experimental model, all fibers are activated synchronously from the onset of exercise, thus effectively eliminating the capability for progressive fiber recruitment. Zoladz et al. (72) reported that when the V O 2 response to contractions was normalized for peak force and the force-time integral (note that force fell during the contraction period by 20 -25%), a V O 2 slow component-like response was evident. While synchronous tetanic contractions in the intact muscle preparation (72) are very different from dynamic, maximal voluntary exercise (present study), the V O 2 and work output profiles in these studies are strikingly similar (compare Fig. 1 (72) and extend that interpretation to dynamic voluntary exercise in humans. The maintenance of V O 2max during all-out exercise, despite the development of fatigue and power output becoming "submaximal," has been reported previously (11, 16) . Others have shown that to prevent a progressive increase in V O 2 (development of the slow component) during 30 min of high-intensity dynamic exercise, the WR must be progressively (and substantially) reduced as exercise proceeds (47, 56) . Collectively, these observations suggest that the V O 2 slow component is linked to a loss of muscular efficiency, which can be manifested as follows: 1) in the conventional scenario as a progressively increasing V O 2 during CWR exercise or 2) as a progressively declining WR at a constant V O 2max .
The results of the present study are consistent with the notion that V O 2 kinetics are a major determinant of severeintensity exercise tolerance (12, 29) . The all-out CP test allows the estimation of W=, which indicates the finite work capacity that can be utilized before exhaustion during ϾCP exercise (31, 62) . Consistent with our proposal that the magnitude of the W= reflects the extent of the severe-intensity domain, i.e., the relative "distance" between the CP and the V O 2max (12, 31, 59, 62) , we found a significant inverse correlation between the CP-to-V O 2max ratio and the W= (r ϭ Ϫ0.89). The extent of the severe domain, i.e., the range of high-intensity WRs that result in the attainment of V O 2max during CWR exercise also limits the scope for development of the V O 2 slow component (12) . In the present study, these interrelationships were reflected in the significant positive correlations between the W= and the V O 2 slow component during CWR (r ϭ 0.83) and all-out (r ϭ 0.87) exercise. These observations, therefore, support the interpretation that the W= and the V O 2 slow component are 1) mechanistically linked and 2) related to the process of muscle fatigue (12, 31, 62) .
Perspectives and Significance
The principal finding of this study was that it is possible to induce a considerable V O 2 slow component-like effect, manifested as a systematically increasing O 2 cost per unit of external power output, concomitant with EMG evidence suggesting no progressive recruitment of muscle fibers during voluntary exercise in humans. This does not exclude the possibility that progressive fiber recruitment contributes to the development of the conventional V O 2 slow component during CWR exercise. However, the present findings do suggest that other mechanisms, such as the slow V O 2 kinetics of initially recruited type II fibers, reduced contractile efficiency, and the O 2 cost of recovery processes in fatigued fibers, may play a substantially greater role in the development of the V O 2 slow component than has been previously recognized.
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